Abstract Naratriptan (NTT), chemically known as N-methyl-2-[3-(1-methyl piperidin-4-yl)-1-H-indol-5-yl] ethane sulfonamide, is an indole derivative widely used in the treatment of migraine headaches. The literature survey indicates that there is no report on the oxidation of NTT from the view point of its kinetic and mechanistic aspects. Also none has examined the task of platinum group metal ions as catalysts in the oxidation of this drug. Therefore, in the present research, oxidation of NTT with chloramine-T (CAT) in alkaline medium has been investigated at 298 K through systematic kinetic study in order to explore the mechanistic picture of this redox system in presence and absence of palladium (II) chloride (Pd(II)) catalyst. The reaction shows a first-order dependence of rate each on 
Introduction
Naratriptan (NTT), also known as N-methyl-2-[3-(1-methyl piperidin-4-yl)-1-H-indol-5-yl] ethane sulfonamide, is an indole derivative commonly used as a second generation triptan drug [1] . NTT is a selective 5-HT receptor agonist with high affinity at the 5-HT 1B /5HT 1D receptor sub type. It is also useful to suppress moderate to acute migraine headaches [1] . NTT is available in the form of hydrochloride salt. Due to its pharmaceutical relevance, several analytical techniques have been reported for the determination of this drug [2] [3] [4] . Surprisingly, no information is available on the oxidation-kinetics of NTT with any reagent in order to understand its mechanistic chemistry. Accordingly, the mechanism and kinetic modeling of this drug is unknown. Oxidation-kinetics of NTT is of much significance as it throw some light on the fate of this drug in biological systems. Besides, this kind of study would be helpful to researchers who are working on the mechanistic chemistry of this drug in biological systems. Additionally, the role of platinum group metal ions in the catalytic transformation of this drug has not yet been investigated.
The most important class of organic N-haloamines are the N-chloro derivatives of aromatic sulfonamides, which contain positive halogen. Organic N-haloamines show diverse chemical behavior. Their versatile nature is due to their ability to act as source of halonium cations, hypohalite species and N-anions which act both as bases and nucleophiles [5] . As a result, these reagents react with a wide range of functional groups affecting an array of molecular transformations [6] [7] [8] [9] . Sodium N-chloro Ptoluenesulfonamide or chloramine-T (CAT) is the prominent member of this class of compounds and behaves as a mild oxidizing agent in both acidic and alkaline media. Its oxidation mechanism has been kinetically well proven [10] [11] [12] [13] [14] [15] . It is commercially available, inexpensive, water-tolerant, non-toxic and hence easy to operation [10] . It was therefore CAT was chosen as an oxidant in the present research.
Platinum group metal ions have been employed as homogeneous catalysts for the study of kinetics and mechanism of various redox reactions [11] . The mechanisms of catalysis to some extent is complicated by the formation of different intermediate complexes, free radicals and different oxidation states [16, 17] . Palladium (II) chloride (Pd(II)) has been used as a catalyst in the oxidation of several substrates in alkaline medium and some of them have been proved to be suitable for kinetic analysis [11, [18] [19] [20] [21] [22] . This background instigated us to carry out the detailed study on the kinetics and mechanism of NTT-CAT redox system in alkaline medium with and without Pd(II) catalyst. The target of this research are: (i) to accumulate all the possible kinetic data,(ii) to elucidate plausible mechanisms,(iii) to characterize the oxidation products, (iv) to put forward appropriate rate laws,(v) to ascertain the various reactive species and (vi) to reveal the catalytic activity of Pd(II) in alkaline medium.
Experimental and Methods

Materials
Chloramine-T was purchased from Merck and purified by the method of Morris et al. [23] . Aqueous solution of CAT was prepared afresh, standardized by iodometric method and preserved in a brown bottle to prevent any of its photochemical deterioration. Analytical grade of NTT was procured from Sigma and was used as received. Aqueous solution of NTT was freshly prepared whenever required. A solution of Pd(II) (s.d. fine-chem. Ltd.) was prepared in 20 m mol dm -3 HCl and used as a catalyst in alkaline medium. Allowance was made for the amount of HCl present in catalyst solution. Reagent grade chemicals and double distilled water were used throughout the work.
Kinetic Procedure
All kinetic runs were carried out under pseudo-first-order conditions by keeping a large excess of [NTT] 0 over [CAT] 0 at constant temperature of 298 K. Raagaa Ultra Cold Chamber with digital temperature control (Chennai, India) was used to regulate the temperature with an accuracy of ±0.1°C. The kinetic procedure followed is similar to that reported earlier [12] . Reactions were carried out in glass stoppered boiling tubes whose outer surface was coated black to eliminate photochemical effects. For each kinetic run, appropriate amounts of NTT, NaOH, Pd(II) (in case of catalyzed reaction) solutions and water (to keep the total volume constant for all kinetic runs) were taken in the boiling tube and thermostated at 298 K for thermal equilibrium. A measured amount of CAT solution, also thermostated at the same temperature, was rapidly added to the mixture with stirring in the boiling tube. The progress of the reaction was monitored by withdrawing 5 ml aliquots of the reaction mixture at different time intervals and determining the unreacted CAT iodometrically. The course of the reaction was followed for more than two half-lives. The pseudo-first-order rate constants (k / s -1 ), calculated from linear plots of log [CAT] versus time were reproducible within ±5 %. The regression coefficients (R 2 ) of the linear plots were calculated using an fx-100z scientific calculator.
Instruments Used
The product was characterized by the following instruments. GC-MS data (Agilent technologies mass spectrometer), IR data (Agilent technologies cary 630 FTIR spectrometer), NMR analysis (Bruker 400 MHz NMR spectrometer), Elemental Analysis (Vario micro Elementar CHNS analyser), melting point (Guna melting point apparatus). The complex study was done by using UV Vis spectrophotometer (Elico SL 159).
Results
Reaction Stoichiometry
Different ratios of CAT to NTT in the presence of 3.0 9 10 --3 mol dm -3 NaOH and 2.0 9 10 -5 mol dm -3 Pd(II) (in case of catalyzed reaction) were equilibrated at 298 K for 24 h. The unreacted CAT in the reaction mixture was determined by iodometry and the analysis showed that one mole of NTT consumed one mole of CAT in both cases. Accordingly, the following stoichiometric equation can be formulated:
Product Characterization
A mixture of 0.18 g of NTT and 0.5 g of CAT was taken in a dry round bottom flask and dissolved in water. To this mixture, NaOH and PdCl 2 solutions were added and stirred at 298 K for 12 h. After completion of the reaction (monitored by TLC), the reaction products were neutralized with acid and extracted with ether. The organic products were subjected to spot tests and chromatographic analysis (TLC technique), which revealed the formation of 2-[3-(1-methyl-1-oxidopiperidin-4-yl)-1H-indol-5-yl] ethanesulfonic acid and methylamine as the oxidation products of NTT and P-toluenesulfonamide as the reduction product of CAT for both the catalyzed and uncatalyzed reactions. These products were separated by column chromatography and 2-[3-(1-methyl-1-oxidopiperidin-4-yl)-1H-indol-5-yl] ethanesulfonic acid was confirmed by GC-MS analysis. The mass spectrum showed a molecular ion peak at 338 amu, confirming 2-[3-(1-methyl-1-oxidopiperidin-4-yl)-1H-indol-5-yl] ethanesulfonic acid (Fig. 1) Methylamine was detected by Hinsberg reagent test [24] . It was also noted that there was no further oxidation of these products under the present kinetic conditions. P-toluenesulfonamide (PTS), was detected by paper chromatography [25] by using benzyl alcohol saturated with water as the solvent with 0.5 % vanillin in 1 % HCl solution in ethanol as a spray reagent (R f = 0.905). The R f determined agrees with the value reported in the literature [25] .
ethanesulfonic acid with its molecular ion peak at 338 amu (Tables 1 and   2 Tables 1 and 2 .
When concentration of NaOH was varied, the rate of the reaction decreased as can be seen in Tables 1 and 2 Values in parenthesis refer to second-order rate constants [ 0.9822) with negative slopes, confirming a negativefractional-order dependence of rate on (PTS). The effect of Cl -was studied by adding 4.0 9 10 -3 mol dm -3 NaCl solution to the reaction mixture. The effect of NaCl on the rate of the reaction was trivial in both the cases, suggesting that no chlorine was formed in the reaction. Our preliminary experiments showed that the change in ionic strength of the medium by adding 0.4 mol dm -3 NaClO 4 solution to the reaction mixture had no effect on the rate of the reaction in both the cases. Hence, all the kinetic runs were carried out in the absence of any added salt. The effect of temperature on the reaction rate was studied by performing the kinetic experiments at various temperatures (288-308 K) keeping other experimental conditions constant. From the linear Arrhenius plots of log k / versus 1/T (R 2 [ 0.9927), activation parameters (Ea, DH = , DG = , DS = and log A) for the overall reaction were computed for both the catalyzed and uncatalyzed reactions. All these results are tabulated in Table 5 . The reaction mixture failed to initiate polymerization reaction in presence of aqueous acrylamide solution indicating the absence of free radicals.
Discussion
Chloramine-T acts as an oxidizing agent in both acid and alkaline solutions, with a two electron change per mole, giving PTS and NaCl. An inverse fractional order dependence of the rate on [NaOH] clearly indicates the hydrolysis of CAT (TsNClNa) which results in the generation of the conjugate acid TsNHCl which has been observed [30] [31] [32] [33] [34] in many reactions of CAT. This is attributed to the following reaction where TsNHCl is assumed to be reactive species.
Further, Hardy and Jhonston [29] have made detailed calculations on the relative concentrations of the reactive species in alkaline bromamine-B solutions and reported that HOBr is also the predominant species in alkaline medium. Since N-haloamines have similar properties and hence one can expect similar equilibrium for alkaline CAT solutions also as shown below, 
It is also noted that, if HOCl is an active species a retardation of rate by the added PTS is expected, which is true in the present case. Hence HOCl is considered to be the most probable reactive species in both the cases.
Reaction Scheme and Rate Law without Pd(II) Catalyst
Based on the preceding discussion and observed kinetic results, the following reaction mechanism (Scheme 1) can be formulated for the oxidation of NTT with CAT in alkaline medium. Detailed mechanism involving the electrons transfer during the oxidation of NTT with CAT in alkaline medium and the structure of complex-I is shown in Scheme 2. In Scheme 2, in the initial alkali retarding fast step [step(i)], CAT undergoes hydrolysis to give the conjugate acid TsNHCl. In the successive equilibrium fast step (ii), TsNHCl further undergoes hydrolysis to give HOCl which is the active oxidizing species, with the elimination of TsNH 2 . In the next slow/rate determining step [step(iii)], the lone pair of electrons present on the nitrogen of NTT attacks the chloronium ion of HOCl to form an intermediate complex-I. This intermediate complex with several fast steps involving the interaction with OH -ions and undergoes hydrolysis yields the ultimate products.
From the slow/rds of Scheme 1, the reaction rate is
According to the reaction Scheme 1, total concentration of [CAT] t , which is given by the Eq. (12)
From steps (i) and (ii) of Scheme 1,
and
By substituting for [TsNClNa] and [TsNHCl] from Eqs. (13) and (14) 
By substituting for [HOCl] from Eq. (15) in Eq. (11), the following rate law is obtained,
Rate law (16) 2-complex ion has been assumed to be the reactive species in the present study.
Further, formation of the intermediate complex-II between oxidant and catalyst was evidenced by recording UV-Visible spectra of CAT, Pd(II) and CAT ? Pd(II) mixture in aqueous alkaline medium. Absorption maxima (Fig. 6 ).
Reaction Scheme and Rate Law with Pd(II) Catalyst
In the light of the above considerations, a mechanism (Scheme 3) is proposed for the Pd(II) catalyzed oxidation of NTT with CAT in alkaline medium to substantiate the experimental observations.
The structures of the Complex-II and Complex-III are shown in Scheme 4, wherein a detailed mechanistic interpretation of NTT-CAT reaction in presence of NaOH and Pd(II) catalyst is illustrated. In Scheme 4, the reactive oxidizing species is also HOCl, which is generated in the same way as shown in Scheme 2 [steps (i) and (ii)). In the next fast step (step (iii)], the lone pair of electrons on oxygen of HOCl coordinates to metal center of active catalystspecies forming an intermediate complex-II. In the next slow/rds [step (iv)], the substrate NTT reacts with complex-II forming an another intermediate complex (III) with the regeneration of catalyst species. In the next several fast steps, this complex interacts with hydroxyl ions and H 2 O leading to the formation of final products.
From the slow/rds of Scheme 3,
From Scheme 3, the total effective concentration of CAT is,
From steps (i) (ii) and (iii) of Scheme 3, we obtain 
Complex-II
Rate The general equation relating for uncatalyzed and catalyzed reactions has been derived by Moelwyn-Hughes [35] and correlated as,
Here k 1 is the observed pseudo-first-order rate constant in the presence of Pd(II) catalyst, k 0 is that for the uncatalyzed reaction, K C is the catalytic constant and x is the order of the reaction with respect to Pd(II). In the present investigations x value was found to be 0.83. The value ofK C was calculated using the equation, The values of K C have been evaluated at different temperatures (288-308 K) and K C was found to vary with temperature. A plot of log K C versus 1/T was linear (R 2 = 0.9965). The values of energy of activation and other thermodynamic parameters for the Pd(II) catalyst were computed and summarized in Table 5 .
Further, for the standard run at 298 K, a plot of k / versus Pd(II) ( Table 1 ) was found to be linear (R 2 = 0.9944) with an intercept equal to k 0 , which was found to be 2.70 9 10 -4 s -1 . This value fits well with the rate constant (k / = 2.60 9 10 -4 s -1 ) determined experimentally for the uncatalyzed reaction at 298 K (Table 1 ). This clearly implies that both Pd(II) catalyzed and uncatalyzed reactions proceed concurrently.
Under identical set of experimental conditions, it was observed that Pd(II) was an efficient catalyst for this redox system by making the reaction to go five-fold faster than the uncatalyzed reactions (Tables 1 and 2 ). Hence, the observed rate of oxidation obtained in presence of Pd(II) catalyst justifies the need of a catalyst for the facile oxidation of NTT with CAT in alkaline medium. The activation parameters determined for the Pd(II) catalyzed and uncatalyzed reactions explain the catalytic effect on the reaction. The catalyst Pd(II) forms a complex with the oxidizing species (HOCl), which increases the oxidizing property of the oxidant than in absence of Pd(II) catalyst. Further, the catalyst suitably modifies the reaction path by lowering the energy of activation (Table 5) .
It is essential to be aware of the effect of solvents on the rates of the reactions, since most of the organic reactions are carried out in solution. Solvent effect provides information on the nature of the reactive species in the rate determining step as well as the structure of the activated complex. The effect of solvent on the reaction kinetics has been described in detail in the well-known publications [36] [37] [38] [39] [40] . A negative methanol effect observed in the present investigations supports for the proposed mechanisms. For the limiting case of zero angle of approach between two dipoles or an ion dipole system, Amis [39] has showed that a plot of log k obs versus 1/D gives a straight line, with a negative slope for a reaction between a negative ion and a dipole or between two dipoles, while a positive slope results for a positive ion-dipole interaction. The negative dielectric effect observed in the present studies clearly supports the dipole-negative ion and dipole-dipole nature of rate determining steps for Pd(II) catalyzed and uncatalyzed reactions, respectively (Schemes 2 and 4). Hence, the Amis concept agrees with the present observations. The rate constants of ionic reactions depend upon the charges carried by the ions and also upon the ionic strength of the medium. The primary salt effect observed supports the Schemes 2 and 4. Increase in the ionic strength of the medium does not affect the rate for both Pd (II) catalyzed and uncatalyzed reactions. It clearly signifies the involvement of a neutral molecule (s) in the rate determining steps of Schemes 2 and 4. It is in accordance with Bronsted and Bjerrum theory of salt effects [41] .
The proposed mechanisms are also validated with the moderate values of energy of activation and other thermodynamic parameters (Table 5) . Values of DH = indicate that the reactions are enthalpy controlled. The transition state is expected to be strongly solvated, which is indicated by the positive DG = values. The large negative values of DS = indicate that the transition state in more rigid than initial state with less degrees of freedom. Frequency factor (A) values specify the frequency of collisions and the orientation of reactive molecules. Proposed Schemes and derived rate laws are further supported by the observed stoichiometry of the reaction.
Conclusion
The kinetics of the oxidation of NTT by CAT in alkaline medium in the presence and absence of Pd(II) catalyst obeys the experimental rate laws: Àd CAT ½ =dt ¼ k CAT ½ (1-methyl-1-oxidopiperidin-4-yl)-1H-indol-5-yl] ethanesulfonic acid and methylamine were identified as the oxidation products of NTT. Activation parameters have been evaluated. The Pd(II) catalyzed reaction is about fivefold faster than the uncatalyzed reaction. Based on the kinetic data suitable mechanisms and relevant rate laws have been worked out.
